INTRODUCTION
============

Gene expression is controlled by transcriptional and post-transcriptional mechanisms. A central part of the post-transcriptional modulation of gene expression is mediated by regulation of mRNA stability. The stability varies considerably between mRNAs and can be modulated by extracellular stimuli ([@b1]--[@b3]). A tight control of mRNA stability permits rapid changes in the level of mRNAs and provides a mechanism for prompt termination of protein production. The rate of mRNA decay is determined by *cis*-acting sequences within the mRNA, which are recognized by *trans*-acting factors. Dysregulation of the expression of RNA-bps or mutation of important *cis*-acting binding sequences and thereby dysregulation of mRNA stability has been associated with different human diseases like chronic inflammatory diseases ([@b4],[@b5]), α-thalassemia ([@b6]), cancer ([@b7]--[@b10]) and Alzheimer\'s disease ([@b11]).

AU-rich elements (AREs) are critical *cis*-acting elements in the 3′-untranslated regions (3′-UTRs) of many inherently unstable mRNAs that code for cytokines, transcription factors and proto-oncogenes and are targets for *trans*-acting proteins regulating mRNA stability and translation ([@b12],[@b13]). A number of ARE binding proteins (ARE-bps) have been identified that can interact with AU- and U-rich regions. These include the ELAV protein family members (most important HuR) ([@b14]), the ARE/poly-(U)-binding/degradation factor 1 (AUF-1, also named hnRNP D) ([@b15]), the heteronuclear ribonucleoprotein A1 (hnRNP A1) ([@b16]), the KH-type splicing regulatory protein (KSRP) ([@b17]), tristetraprolin (TTP) ([@b18]), the T cell-restricted intracellular antigen (TIA)-1 and the TIA-related protein (TIAR) ([@b19],[@b20]).

The mechanism by which AREs mediate mRNA decay is not clear. In yeast, 3′- to 5′-mRNA degradation is mediated by the exosome, a multisubunit particle. Chen *et al*. ([@b17]) have purified and characterized the human exosome by mass spectrometry (MS) and found its composition to be similar to its yeast counterpart. Using a cell-free RNA decay system, these authors also demonstrate that the mammalian exosome is required for degradation of ARE-containing RNAs. However, the mammalian exosome does not seem to recognize the ARE-containing RNAs on its own but requires certain ARE-bps, like KSRP or TTP. These ARE-bps interact with the exosome and recruit it to unstable RNAs, thereby promoting their rapid degradation ([@b17]). By siRNA-mediated depletion of KSRP in HeLa cells and by creating a dominant negative KSRP isoform (by deletion of the most carboxyterminal located RNA binding domain, KH4) Gherzi *et al*. ([@b21]) showed that KSRP is essential for ARE-RNA decay *in vivo*.

The expression of inducible nitric oxide synthase (iNOS) can be induced in different types of cells and tissues following exposure to immunologic and inflammatory stimuli such as cytokines or lipopolysaccharide (LPS) ([@b22]). Once synthesized, the enzyme is active for hours to days ([@b23]) and generates large amounts of NO that can have beneficial effects, such as anti-microbial, anti-atherogenic or anti-apoptotic actions ([@b24]). However, inappropriate iNOS induction can have detrimental consequences, such as cellular injury in arthritis or colitis and in septic shock ([@b22],[@b25]). The expression of human iNOS is controlled in large part by post-transcriptional mechanisms ([@b22],[@b26]). In human epithelial A549, AKN or DLD-1 cells, nuclear run-on and transfection experiments revealed a significant basal activity of the human iNOS promoter that was only enhanced 2- to 5-fold by cytokines ([@b27],[@b28]). In contrast, only after cytokine induction a significant iNOS mRNA expression could be detected.

Sequence analysis of the human iNOS mRNA reveals the presence of five AREs in the 3′-UTR. In transfection experiments with human A549 or DLD-1 cells, the 3′-UTR of the human iNOS mRNA destabilized the mRNA of a heterologous reporter gene ([@b28]).

Gel retardation experiments showed interaction of the ARE-bp HuR with the human iNOS 3′-UTR ([@b28]). HuR is known to stabilize ARE-containing mRNAs ([@b29]). Stable overexpression of HuR in human DLD-1 cells resulted in an upregulation of cytokine-induced iNOS expression. Accordingly, downregulation of HuR expression resulted in a reduction of cytokine-induced iNOS expression ([@b28]).

In recent studies, we showed that in addition to HuR TTP is essentially involved in the post-transcriptional regulation of human iNOS expression ([@b30]). In contrast to its published destabilizing effect, overexpression of TTP in DLD-1 cells resulted in a marked increase in iNOS expression, without any TTP binding to the human iNOS mRNA.

UV-crosslinking experiments with cellular extracts from DLD-1 cells and a ^32^P-radiolabeled probe of the iNOS 3′-UTR revealed that several proteins formed RNA--protein complexes in this sequence ([@b31]). Therefore, it seems very likely that in addition to HuR other RNA-bps are involved in the post-transcriptional regulation of human iNOS expression.

In the current study, we identified KSRP as a key regulator of human iNOS expression. KSRP destabilizes iNOS mRNA by binding to its 3′-UTR and interaction with the exosome. For cytokine induction of iNOS expression a complex interaction of the iNOS mRNA 3′-UTR and the RNA-bps KSRP, TTP and HuR seems to be essential.

MATERIALS AND METHODS
=====================

Materials
---------

Trypsin-, glutamine-, and pyruvate-solutions, phenylmethylsulfonyl fluoride, leupeptin, aprotinin, agarose, isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside, tRNA, BSA, actinomycin D, streptavidin-coated agarose beads, horseradish-peroxidase-coupled anti-goat and anti-mouse IgG were purchased from Sigma, Deisenhofen, Germany. Isotopes were obtained from NEN/Dupont, Köln, Germany. Restriction enzymes, *Taq* polymerase, Klenow DNA polymerase, dNTPs, pGEX2T and glutathione-agarose affinity beads were purchased from Amersham-Pharmacia, Freiburg, Germany. RNase A, RNase T1, DNase I, T3 and T7 RNA polymerase and the biotin RNA labeling mix were obtained from Roche Diagnostics, Mannheim, Germany. The mMESSAGE mMACHINE^®^ T7 Kit was obtained from Ambion, Huntingdon, UK. The QuantiTect Probe RT--PCR Kit, the RNAeasy Mini Kit and polyclonal anti-HisTag-antibodies were from Qiagen, Hilden, Germany. All oligonucleotides and dual-labeled probes were from MWG-Biotech, Ebersberg, Germany. The MessageMuter™ shRNA Production Kit was from Epicentre/Biozym, Oldendorf, Germany. Human interferon-γ (IFN-γ), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) were obtained from Strathmann, Hannover, Germany. Fetal calf serum (FCS) and DMEM were purchased from PAN-Systems, Nürnberg, Germany. G418 was purchased from Calbiochem, Bad Soden, Germany. pcDNA3 was purchased from Invitrogen, Groningen, The Netherlands. pCR-Script was from Stratagene, Heidelberg, Germany. The Bradford reagent mix for determination of protein concentration was obtained from BioRad, Munich, Germany. Protein A, G and protein A/G plus agarose beads were purchased from Santa Cruz Biotechnology, Heidelberg, Germany. The polyclonal anti-TTP antibody was a kind gift from Dr William Rigby (Department of Medicine, Dartmouth Medical School, Lebanon, USA), the polyclonal anti-KSRP antibody was a kind gift from Dr Ching-Yi Chen (Department of Biochemistry and Molecular Genetics, University of Alabama, Birmingham, USA), the polyclonal anti-PM-Scl 100-antibody was a kind gift from Dr G. Pruijn (Department of Biochemistry, University of Nijmegen, The Netherlands) and the monoclonal anti-KSRP antibody, the procaryotic (pET15b-KSRP) and eucaryotic (pcDNA3.1-His-KSRP) expression vectors for a His-tagged KSRP protein were a kind gift from Dr Douglas L. Black (Howard Hughes Medical Institute at UCLA, Los Angeles, USA).

Cell culture, cytokine treatment and RNA isolation
--------------------------------------------------

Human epithelial colon carcinoma DLD-1 cells (ATCC, \#CCL-221) were used for this study. These cells had been shown to be inducible for human iNOS expression by incubation with cytokines ([@b32]). The cells were grown in DMEM with 10% inactivated fetal bovine serum, 2 mM [l]{.smallcaps}-glutamine, penicillin and streptomycin. Eighteen hours before cytokine induction, the cells were washed with phosphate-buffered saline (PBS) and incubated with DMEM containing 2 mM [l]{.smallcaps}-glutamine in the absence of serum and phenol red. iNOS expression in DLD-1 cells was induced with a cytokine mixture (CM) containing 100 U/ml IFN-γ, 50 U/ml IL-1β and 10 ng/ml TNF-α for the corresponding time periods depending on the experiment. Later, supernatant of the cells (300 µl) was used to measure $\text{NO}_{2}^{-}$ by the Griess reaction or the Sievers Nitric Oxide Analyzer (ADInstruments, Spechbach, Germany), and the cells were processed for RNA isolation by guanidinium thiocyanate/phenol/chloroform extraction or for protein extraction as described below ([@b33],[@b34]).

Quantitative RT--PCR (qRT--PCR)
-------------------------------

One-Step RT--PCR was performed with the QuantiTect RT--PCR Kit (Qiagen, Hilden, Germany) in 25 µl reactions in a 96-well spectrofluorometric thermal cycler (iCycler, BioRad, München, Germany). RNA was isolated as described above. For real-time qRT--PCR (30 min 50°C, 15 min 95°C and 40 cycles of 15 s 94°C, 60 s 60°C), the oligonucleotides listed below served as sense and antisense primers and Taqman hybridization probes.

iNOS: sense, TGCAGACACGTGCGTTACTCC; antisense, GGTAGCCAGCATAGCGGATG; probe, TGGCAAGCACGACTTCCGGGTG. GAPDH: sense, CCCATGTTCGTCATGGGTGT; antisense, TGGTCATGAGTCCTTCCACGATA; probe, CTGCACCACCAACTGCTTAGCACCC. KSRP: sense, TGCAGCAAGCCTGTGAGATG; antisense, TCCGTACTCATTCCGGTCCC; probe, TGGACATCCTCCGGGAACGTGACC. Luciferase: sense, AAAAAGTTGCGCGGAGGAG; antisense, TTTTTCTTGCGTCGAGTTTTCC; probe, TGTGTTTGTGGACGAAGTACCGAAAGGTCTTAC.

Taqman hybridization probes were double labeled with 6-carboxyfluorescein (FAM) as reporter fluorophore and carboxytetramethyl-rhodamine (TAMRA) as quencher. All primers and dual-labeled probes (5′-FAM, 3′-TAMRA) were from MWG-Biotech, Ebersberg, Germany. Fluorescence was monitored at each 60°C step.

Each experimental reaction was performed in triplicate. All primer/probes sets had efficiencies of 100% (±10%).

To calculate the relative expression of iNOS- or KSRP mRNA in DLD-1 cells the 2^\[−ΔΔC(T)\]^ method ([@b35]) was used. According to this method the C(T) values for iNOS- or KSRP mRNA expression in each sample were normalized to the C(T) values of GAPDH mRNA in the same sample. Then the values of untreated cell samples were set 100% and the percentage of iNOS- or KSRP expression was calculated.

Actinomycin D experiments
-------------------------

To analyze the effects of experimental interventions on iNOS mRNA stability, cells were incubated as indicated and iNOS expression was induced by cytokines for 6 h. Then, 10 µM actinomycin D was added and RNAs were prepared from 0 to 18 h thereafter. Relative iNOS- and GAPDH mRNA amounts were determined by qRT--PCR and iNOS mRNA was normalized to GAPDH mRNA. The relative amount of iNOS mRNA at 0 h and actinomycin D was set to 100%. Curve fittings of the resulting actinomycin D time curves were performed by non-linear regression using Graphpad Prism 3.0 (GraphPad Software, San Diego, USA).

Western blot experiments
------------------------

To study the protein expression in DLD-1 cells total cell protein was fractionated into nuclear and cytoplasmic extracts as described ([@b36]). To study the expression of human KSRP, TTP and PM-Scl 100 cytoplasmic extracts (10--50 µg protein) were separated on SDS--PAGE and transferred to nitrocellulose membrane by semi-dry electroblotting. All further steps were performed as described ([@b28]). For detection of KSRP a polyclonal anti-KSRP antibody ([@b21]) or a monoclonal anti-KSRP antibody ([@b37]) was used. For the detection of TTP a polyclonal anti-TTP antibody ([@b38]) was used. For detection of PM-Scl 100 a polyclonal anti-PM-Scl 100-antibody ([@b39]) was used. The immunoreactive proteins on the blots were visualized by the enhanced chemiluminescence detection system (ECL, Amersham).

Streptavidin-biotin RNA-affinity chromatography
-----------------------------------------------

To generate biotinylated-RNA sense probes for the affinity purification 0.5--1 µg of the linearized plasmids pCR-iNOS 3′-UTR or pCR-iNOS 3′-UTR-non-AU ([@b28]) were *in vitro* transcribed using the biotin RNA labeling mix (Roche Diagnostics, Mannheim, Germany) as described by the manufacturer. Purification of the proteins was performed as described below. Protein extracts from CM-induced DLD-1 cells were first precleared by incubating 200 mg of cytoplasmic proteins with 3 ml of a 50% slurry pre-blocked streptavidin-coated agarose beads, for 3 h at 4°C in 50 ml binding buffer \[10 mM HEPES (pH 7.6), 3 mM MgCl~2~, 5 mM EDTA, 2 mM DTT, 5% Glycerol, 0.5% NP-40, 3 mg/ml Heparin and 0.5 mg/ml Yeast RNA\] supplemented with 40 mM KCl and RNasin (0.3 U/μl, final). Beads were pelleted and the supernatant was incubated with 600 µg biotinylated-RNA probe as described above for 2 h. The binding mixture was then incubated with 3 ml of the 50% slurry pre-blocked streptavidin-coated agarose beads for 2 h. Beads were pelleted and washed three times in binding buffer with 40 mM KCl and twice in binding buffer with 300 mM KCl. Isolated proteins were eluted from the beads by incubating with elution buffer \[10 mM HEPES (pH 7.6), 3 mM MgCl~2~, 5 mM EDTA, 2 mM DTT, 0.2% glycerol and 2 M KCl\] for 20 min at 4°C. To identify the proteins eluates were separated on SDS--polyacrylamide gels and the proteins were stained with colloidal Coomassie blue. The stained protein bands were cut out and the identity of the proteins was determined by peptide mass fingerprinting (Toplab, München, Germany).

Purification of GST-KSRP, GST-HuR and His-tagged KSRP proteins
--------------------------------------------------------------

Purified GST, GST-KSRP or GST-HuR fusion proteins were prepared using the plasmids pGEX2T, pGEX2T-KSRP ([@b40]), or pGEX2T-HuR as described previously ([@b28]). The yield of the purification procedure was determined by comparison to a BSA standard on Coomassie blue-stained SDS--PAGE.

For purification of His-tagged KSRP the plasmid pET15b-His-KSRP and the Ni-NTA Agarose from Qiagen (Hilden, Germany) were used as described by the manufacturer.

UV-crosslinking experiments
---------------------------

cDNAs encoding for subfragments of the human iNOS 3′-UTR have been described previously ([@b28]). To generate radiolabeled iNOS 3′-UTR sense probes for RNA binding experiments, 0.5--1 µg of DNA (linearized plasmids or PCR fragments) were *in vitro* transcribed as described above. Radiolabeled transcripts were analyzed by urea-denaturing electrophoresis in order to estimate the yield and the specific activity. Incorporated radioactivity in transcripts was usually \>80% and the specific activity ranged from 0.2--0.5 µCi/pmol.

UV-crosslinking experiments were performed as described previously ([@b30],[@b41]).

Establishment of cell lines expressing sense or antisense KSRP mRNA or a dominant negative KSRPdKH4 protein
-----------------------------------------------------------------------------------------------------------

The plasmid pcDNA3-KSRPas was generated by digesting the plasmid pcDNA3-His-KSRP ([@b42]) with EcoRI and XbaI and incubating with Klenow DNA polymerase to generate blunt ends. The fragment containing the KSRP cDNA was isolated and cloned into pcDNA3 restricted with EcoRI and XbaI and treated with Klenow enzyme. Plasmids containing the KSRP cDNA in antisense orientation were selected. To generate the plasmid pcDNA3-KSRPdKH4 pcDNA-His-KSRP was digested with Eco81I and XbaI and treated with Klenow enzyme. The obtained linearized blunt ended plasmid was religated. DNA sequences of all clones were controlled using the dideoxy chain termination method with a sequencing kit from Pharmacia.

To generate DLD-1 cells overexpressing a sense or antisense KSRP cDNA or a dominant negative KSRPdKH4 protein, cells plated on a 10 cm plate were transfected with 5 µg of pcDNA-His-KSRP, pcDNA-KSRPas or pcDNA-KSRPdKH4 with FuGene according to the manufacturer\'s recommendations. Pools of stable transfectants form one plate (usually \>30) were selected with G418 (1 mg/ml). As a control, DLD-1 cells stably transfected with the pcDNA3 vector were also generated. The stable transfected cells were characterized for the expression of His-tagged KSRP or His-tagged KSRPdKH4 protein by western blots using a monoclonal anti-HisTag-antibody and by PCR analyses using primers specifically amplifying the integrated plasmid sequences. To test for antisense KSRP RNA expression PCRs with specific primers were performed.

Downregulation of KSRP expression by RNA interference
-----------------------------------------------------

shRNAs were produced *in vitro* using chemically synthesized DNA oligonucleotide templates (MWG-Biotech, Ebersberg, Germany) and the MessageMuter™ shRNA Production Kit (Epicentre/Biozym, Oldendorf, Germany) as described by the manufacturer. Transcription templates were designed such that they contained T7 promoter sequences at the 3′ end. The target sequence for KSRP based on sequences within the KSRP coding region (GAUCAACCGGAGAGCAAGA) ([@b21]). As controls shRNAs with target sequences within the GL2-luciferase coding region (CGUACGCGGAAUACUUCGA) ([@b43]) were synthesized.

Immunoprecipitation
-------------------

For immunoprecipitation, cell extracts were digested for 30 min at 30°C with RNase A (40 µg) and RNase T1 (100 000 U). Then these extracts were preincubated with protein A-agarose beads or protein G-agarose beads (Santa Cruz Biotechnology, Heidelberg, Germany) in RIPA buffer \[50 mM Tris--HCl (pH 7.4), 150 mM NaCl, 50 mM NaF, 10 mM Na~3~VO~4~, 10 mM sodium pyrophosphate, 50 mM disodium glycerol phosphate, 10 nM okadaic acid, 2 mM EDTA, 10% glycerol, 1% NP-40 and 1/25 v/v complete EDTA-free protease inhibitor cocktail\] for 1 h at 4°C. These precleared extracts were incubated with polyclonal or monoclonal antibodies overnight at 4°C in RIPA buffer. Subsequently protein--antibody complexes were captured by incubating with protein A or G-agarose beads for 5 h at 4°C in RIPA buffer. Beads were washed three times with RIPA buffer and co-immunoprecipitated proteins were analyzed by western blotting.

Immunoprecipitation-qRT--PCR assay
----------------------------------

For determination of intracellular protein--RNA interactions DLD-1 cells were incubated for 4 h with or without the cytokine mixture. Cells were lyzed in a buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM DTT, 0.1% NP-40, 50 mM NaF, 10 mM Na~3~VO~4~, 10 mM sodium pyrophosphate, 50 mM disodium glycerol phosphate, 10 nM okadaic acid, 0.2% VRC, 100 U/ml RNasin and 1/25 v/v complete EDTA-free protease inhibitor cocktail. Cell lysates (1.5 mg) were preincubated with 20 µl protein A/G plus agarose beads (Santa Cruz Biotechnology, Heidelberg, Germany) in 500 µl NT2 buffer \[50 mM Tris--HCl (pH 7.4), 150 mM NaCl, 1 mM MgCl~2~, 0.05% NP-40, 50 mM NaF, 10 mM Na~3~VO~4~, 10 mM sodium pyrophosphate, 50 mM disodium glycerol phosphate, 10 nM okadaic acid, 1 mM DTT, 2 mM EDTA, 0.2% VRC, 100 U/ml RNasin and 1/25 v/v complete EDTA-free protease inhibitor cocktail\] for 30 min at 4°C. After a centrifugation at 1200 *g* for 5 min at 4°C the supernatant was incubated with 50 µl protein A/G plus agarose beads precoated with the specific antibody in 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM MgCl~2~, 0.05% NP-40, 0.5 µg/µl tRNA and 0.5 mg/ml Heparin for 16 h at 4°C for 3 h at 4°C. Subsequently the beads were washed four times in 1 ml NT2 buffer and then digested with 0.5 mg/ml Proteinase K in NT2 buffer containing 0.1% SDS for 15 min at 55°C. Then 1 ng/sample of luciferase RNA transcribed *in vitro* was added to normalize for subsequent purification steps and RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) as described by the manufacturer. The amount of iNOS mRNA bound by KSRP or HuR was determined by qRT--PCR using the primers and probes described above. The C(T)-values for iNOS mRNA were normalized to the C(T)-values of luciferase mRNA.

*In vitro* decay assay
----------------------

To generate sense 5′-capped and 3′-polyadenylated radiolabeled iNOS 3′-UTR or non-AU-RNAs for the *in vitro* decay assay the plasmids pCR-iNOS 3′-UTR-polyA and pCR-iNOS 3′-UTR-non-AU-polyA ([@b28]) were used. These plasmids contain the human iNOS 3′-UTR sequence or a human 3′-UTR sequence with deleted AREs cloned in front of a poly A~100~ tail. pCR-iNOS 3′-UTR-polyA or pCR-iNOS 3′-UTR-non-AU DNA was restricted with Eco ICRI and purified by phenol extraction and ethanol precipitation. The linearized DNA (0.5 µg) was transcribed *in vitro* using the mMESSAGE mMACHINE^®^ T7 Kit (Ambion Ltd Huntingdon, UK) as described by the manufacturer.

The *in vitro* decay assay was performed as described ([@b44]). In brief, ^32^P-labeled 5′-capped and 3′-polyadenylated iNOS 3′-UTR RNA was incubated with cytoplasmic extracts from DLD-1 cells (15 µg protein per assay) in 25 µl buffer containing 100 mM KCH~3~COOH, 2 mM Mg(CH~3~COOH)~2~, 10 mM Tris--HCl (pH 7.6), 2 mM DTT, 10 mM creatine phosphate, 1 µg creatine phosphokinase, 1 mM ATP, 0.4 mM GTP and 0.1 mM spermine. Reactions were incubated at 37°C for 0--30 min and stopped with 100 µl stop buffer \[400 mM NaCl, 25 mM Tris--HCl (pH 7.6), 0.1% SDS\] containing 100 000 c.p.m. of an *in vitro* transcribed β-actin RNA to normalize for subsequent purification steps. RNAs were phenol/chloroform extracted, ethanol precipitated and analyzed on denaturating urea 5% polyacrylamide gels (running buffer 1× TBE).

Statistics
----------

Data represent means ± SEM. Statistical differences were determined by factorial analysis of variance followed by Fisher\'s protected least-significant-difference (PLSD) test for comparison of multiple means.

RESULTS
=======

Purification and identification of iNOS 3′-UTR RNA-bps
------------------------------------------------------

In order to purify proteins binding to the 3′-UTR of the human iNOS mRNA we performed affinity chromatographies using biotinylated iNOS 3′-UTR RNA ([@b45],[@b46]) with (3′-UTR) or without (3′-UTR Δ-ARE) the AU-rich sequences and extracts from cytokine-induced DLD-1 cells. After several washing steps the RNA-bps were eluted by incubation with 2 M KCl. Proofing the applicability of this method we found by western blot that HuR known to interact with the iNOS 3′-UTR ([@b28]) was purified ([Figure 1A](#fig1){ref-type="fig"}).

To identify additional proteins binding to the human iNOS 3′-UTR the eluates were separated on SDS--polyacrylamide gels (see Supplementary Figures) and the proteins were stained with colloidal Coomassie blue. The stained protein bands were cut out and the identity of the proteins was determined by peptide mass fingerprinting (Toplab, München, Germany).

This analysis resulted in the identification of the KH-type splicing regulatory protein (KSRP, [Figure 1B](#fig1){ref-type="fig"}), the polyadenylate-binding protein 1 (PABP), (see Supplementary Figures) and the heteronuclear ribonucleoprotein E1 (hnRNP E1), (see Supplementary Figures) as proteins interacting with the human iNOS mRNA 3′-UTR.

Immunodepletion of KSRP enhances iNOS 3′-UTR RNA stability in *in vitro* decay assays
-------------------------------------------------------------------------------------

KSRP has been described as a protein needed for exosome-mediated degradation of ARE-containing mRNAs ([@b17],[@b21]). Therefore, we analyzed the role of KSRP in human iNOS expression. First, we tested the effect of KSRP immunodepletion on iNOS 3′-UTR RNA stability in an *in vitro* degradation assay using transcripts containing the AREs (iNOS 3′-UTR) or with deleted AREs (non-AU). Radiolabeled 5′-capped iNOS 3′-UTR- or non-AU-RNAs containing a 100 nt poly-A-tail (see [Figure 2A](#fig2){ref-type="fig"}) were generated. These radiolabeled transcripts were incubated with cytoplasmic extracts from DLD-1 cells treated with cytokine mixture (control). To analyze the influence of KSRP on the stability of the iNOS 3′-UTR RNA the extracts were KSRP-depleted using a specific polyclonal anti-KSRP antibody (KSRP-depl, see [Figure 2B](#fig2){ref-type="fig"}). As shown in [Figure 2C and D](#fig2){ref-type="fig"}, immunodepletion of KSRP enhanced the stability of the iNOS 3′-UTR RNA (iNOS 3′-UTR) in the degradation experiments (*t*~1/2~control: 13.46 ± 0.96 min; *t*~1/2~KSRP-depleted: 32.18 ± 2.93 min) but had no influence on the degradation of the human iNOS 3′-UTR RNA with deleted AREs (non-AU; *t*~1/2~control: 38.81 ± 2.34 min; *t*~1/2~KSRP-depleted: 42.10 ± 5.26 min).

KSRP regulates human iNOS expression by destabilization of the mRNA
-------------------------------------------------------------------

To determine whether KSRP plays a role in the regulation of iNOS gene expression in intact cells, we generated pools of stably transfected DLD-1 cells, which constitutively express a His-tagged KSRP protein (pcDNA-His-KSRP) or an antisense KSRP RNA (pcDNA-KSRPas) under the control of a CMV promoter (pcDNA3 expression plasmid). These cell pools were analyzed for stable integration of the DNA (data not shown) and KSRP expression (see [Figure 3A](#fig3){ref-type="fig"}). As a control, DLD-1 cells stably transfected with the pcDNA3 vector were generated as well (pcDNA3). Overexpression of a His-tagged KSRP protein resulted in nearly complete inhibition of cytokine-induced iNOS mRNA expression ([Figure 3B](#fig3){ref-type="fig"}). Consistent with these results, reduction of KSRP expression by the antisense approach markedly enhanced cytokine-induced iNOS mRNA expression ([Figure 3B](#fig3){ref-type="fig"}). Also cytokine-induced iNOS-dependent NO-production was decreased by KSRP overexpression in DLD-1-pcDNA-His-KSRP cells and increased by KSRP downregulation in DLD-1-pcDNA-KSRPas cells (see [Figure 3C](#fig3){ref-type="fig"}).

To support these results of KSRP-mediated reduction of iNOS expression we aimed to downregulate KSRP expression using the RNA interference technique. Therefore, we generated siRNAs containing a hairpin structure (shRNAs) by *in vitro* transcription (see Material and Methods) directed against the KSRP coding region (siKSRP). These shRNAs were transfected into DLD-1 cells. After transfection for 40 h, the cells were incubated in the presence or absence of the CM and the KSRP- and iNOS mRNA expression was measured by real-time RT--PCR. As a control, DLD-1 cells were transfected with shRNAs directed against the GL2-luciferase coding region (siLuc). As shown in [Figure 3D](#fig3){ref-type="fig"}, KSRP mRNA expression was reduced in DLD-1 cells transfected with the anti-KSRP shRNAs (siKSRP) compared to cells transfected with the siLuc control shRNAs. Analysis of iNOS mRNA expression in the same RNAs (see [Figure 3E](#fig3){ref-type="fig"}) showed that downregulation of KSRP expression by siKSRP markedly enhanced iNOS mRNA expression. Also in A549/8 cells siRNA-mediated downregulation of KSRP expression resulted in an enhancement of cytokine-induced iNOS mRNA expression (data not shown).

To test whether the effect of KSRP on iNOS expression resulted from KSRP-mediated destabilization of the human iNOS mRNA, we performed actinomycin D experiments. DLD-1-pcDNA3 and -pcDNA-KSRPas cells were incubated with CM for 6 h. Then actinomycin D (10 µg/ml) was added to stop transcription and RNA was isolated after 0, 2, 4, 6 and 18 h. Expression of iNOS mRNA in comparison to GAPDH was determined by qRT--PCR. As shown in [Figure 4](#fig4){ref-type="fig"} compared to pcDNA3 cells (*t*~1/2~ = 4.21 ± 0.30 h), downregulation of KSRP expression enhanced iNOS mRNA stability (*t*~1/2~ = 7.68 ± 1.26 h).

In summary, KSRP regulates human iNOS expression in DLD-1 cells by destabilizing the human iNOS mRNA.

Cytokine incubation does not change KSRP expression in DLD-1 cells
------------------------------------------------------------------

In order to get an insight in the mechanism of KSRP-mediated destabilization of iNOS mRNA we studied the expression of KSRP in DLD-1 cells. Cells were incubated with or without CM for 2 to 18 h and RNA and protein were isolated. Analysis of the KSRP mRNA expression showed no influence of cytokine induction on KSRP mRNA expression (data not shown). Also, as shown in [Figure 5](#fig5){ref-type="fig"} cytokine treatment did not change KSRP protein expression.

KSRP interacts with proteins involved in the exosomal degradation of ARE-containing mRNAs
-----------------------------------------------------------------------------------------

The data above showed post-transcriptional regulation of cytokine-induced iNOS expression by KSRP without cytokine-mediated changes in KSRP expression. Therefore, it is likely that KSRP interacts with other proteins important for the stability of iNOS mRNA. KSRP has been shown to be an essential component of the degradation machinery of ARE-containing mRNAs by interaction with the exosome complex ([@b17],[@b21]). Consequently, we tested the interaction of KSRP and the exosomal component PM-Scl 100 performing co-immunoprecipitation assays. In these experiments cell extracts were used which have been treated with RNase to exclude that binding to the same RNA resulted in coprecipitation by the specific antibodies. As shown for other human cell lines, also in DLD-1 cells these co-immunoprecipitation experiments showed a clear protein--protein interaction of KSRP with the exosomal component PM-Scl 100 (data not shown). However, these interactions were not changed by cytokine treatment (data not shown).

In addition to KSRP the RNA-bp TTP has been shown to interact with the exosome and to recruit this complex to ARE-containing mRNAs ([@b17]). By overexpression of TTP or downregulation of TTP expression we showed that TTP, which did not bind to the human iNOS mRNA, enhanced human iNOS expression ([@b30]). Therefore we analyzed the interaction of KSRP and TTP in human DLD-1 cells. Cellular extracts from CM- or untreated DLD-1 cells were pretreated with RNase and then incubated with monoclonal anti-KSRP antibodies. The immunoprecipitated material was analyzed by western blotting using a polyclonal anti-TTP antibody. As shown in [Figure 6A](#fig6){ref-type="fig"}, KSRP displayed a protein--protein interaction with TTP, which was enhanced by cytokine treatment. Analysis of the immunoprecipitated material for KSRP ([Figure 6B](#fig6){ref-type="fig"}) showed equal amounts of precipitated KSRP.

Overexpression of a mutant KSRP protein, which is not able to bind to RNA, increases cytokine-induced iNOS expression in DLD-1 cells
------------------------------------------------------------------------------------------------------------------------------------

Since TTP mediates its effects on iNOS mRNA without binding to it, we aimed to analyze the biological role of KSRP binding to the iNOS 3′-UTR. Gherzi *et al*. ([@b21]) showed that deletion of the most carboxyterminal RNA binding domain (KH4) from KSRP generated a dominant negative KSRP isoform that was able to interact with the exosome but did not bind to ARE-containing RNAs. To analyze the effects of this mutant KSRP protein on cytokine-induced iNOS expression, we generated DLD-1 cell pools expressing this dominant negative KSRP isoform (see [Figure 7A](#fig7){ref-type="fig"}).

Indicating the importance of KSRP binding, overexpression of this non-binding mutant isoform in DLD-1 cells (KSRPdel) resulted in an enhanced cytokine-induced iNOS mRNA expression and iNOS-dependent NO-production (see [Figure 7B and C](#fig7){ref-type="fig"}).

KSRP binds to the most 3′-located ARE in the 3′-UTR of the human iNOS mRNA
--------------------------------------------------------------------------

To characterize the binding site of KSRP to the human iNOS 3′-UTR (for sequence informations see GenBank [L09210](L09210)), recombinant GST-KSRP fusion protein was incubated with ^32^P-labeled transcripts comprising different nucleotide regions (see [Figure 8A](#fig8){ref-type="fig"}) and KSRP/RNA complex formation was assayed by UV-crosslinking experiments. Performing RNA gel retardation experiments instead of the UV-crosslinking method showed the same results (data not shown). We detected complex formation between recombinant GST-KSRP protein (or GST-HuR protein as control) and the whole 3′-UTR transcript. This binding activity was not observed with the GST protein ([Figure 8B](#fig8){ref-type="fig"}, left panel). To localize the KSRP binding site within the iNOS 3′-UTR, the region was first dissected into two subfragments, one without AU-repeats (non-AU) and the other containing these putative regulatory elements (AU). Only the subfragment containing the AU-repeats interacted with the KSRP protein ([Figure 8B](#fig8){ref-type="fig"}, right panel). Subsequently, the AU-fragment was dissected into three subfragments: subfragment A (232--329, no AU-repeats), subfragment B (327--428, three AUUUA-motifs), and subfragment C (387--477, one AUUUA and an AUUUUA element). As shown in [Figure 8C](#fig8){ref-type="fig"} (left panel), significant KSRP binding was found only for subfragment C. Therefore, as described for HuR ([@b28]), the KSRP binding site seems to be located at positions 439--477, with one or both of the AU-repeats being involved in the complex formation. As shown in [Figure 8C](#fig8){ref-type="fig"}, (right panel) binding activity of KSRP to a transcript comprising positions 443--477 was not affected when the AU-rich element at positions 449--453 was mutated to a GC-rich element (mut 1). In contrast, mutation of the second AU-element at positions 464--469 (mut 2) reduced complex formation considerably. The double mutant (mut 1/2) showed virtually no binding activity of KSRP.

The binding of HuR and KSRP to the human iNOS 3′-UTR sequence is mutually exclusive
-----------------------------------------------------------------------------------

As the analyses described above showed that KSRP binds to the same iNOS 3′-UTR sequences as HuR ([@b28]), we aimed to analyze whether KSRP and HuR compete for this binding sites. As shown in [Figure 9](#fig9){ref-type="fig"}, UV-crosslinking experiments revealed that enhanced amounts of HuR were able to replace KSRP from these binding sites and vice versa.

Cytokine incubation reduces intracellular binding of KSRP and enhances intracellular binding of HuR to the human iNOS mRNA
--------------------------------------------------------------------------------------------------------------------------

To verify a role for this competitive binding of KSRP and HuR to the iNOS mRNA in the regulation of iNOS expression in intact cells, we tested intracellular binding of these proteins to the iNOS mRNA by immunoprecipitation-qRT--PCR assays (see [Figure 10](#fig10){ref-type="fig"}). These analyses showed a cytokine-induced increase of the ratio of HuR-bound iNOS mRNA to KSRP-bound iNOS mRNA, representing enhanced binding of HuR and reduced binding of KSRP to the human iNOS mRNA after cytokine incubation.

Since KSRP destabilizes while HuR stabilizes iNOS mRNA ([@b28]), these changes in RNA binding of both proteins contribute to the stabilization of iNOS mRNA after cytokine induction.

DISCUSSION
==========

Modulation of mRNA stability is an important control mechanism for regulation of human iNOS expression ([@b22],[@b26],[@b30]).

The rate of mRNA decay is determined by *cis*-acting sequences within the mRNA, which are recognized by *trans*-acting factors. The best-characterized *cis*-acting sequences responsible for mRNA decay in mammalian cells are the AREs present within the 3′-UTRs of short-lived mRNAs, whose expression has to be regulated exactly ([@b12],[@b47]). These AREs are involved in deadenylation and subsequent degradation of mRNAs ([@b48],[@b49]) and have also been described to stimulate 5′-decapping ([@b50]). Five such AREs are present in the 3′-UTR of the human iNOS mRNA. Furthermore, transfection experiments showed destabilization of the mRNA of a heterologous reporter gene by the human iNOS 3′-UTR ([@b28]).

More than 15 proteins are known to bind to AREs ([@b11]). Only few of them have been shown to regulate mRNA stability. These include the ARE/poly-(U)-binding/degradation factor 1 (AUF-1) ([@b15],[@b51]), the embryonic lethal abnormal vision (ELAV) proteins (also named Hu proteins), especially HuR ([@b29]), the KSRP, ([@b17],[@b21]) and the TTP family of zinc-finger RNA-bps ([@b52],[@b53]). HuR has been shown to be involved in the regulation of human iNOS expression ([@b28]).

In an attempt to isolate proteins interacting with the 3′-UTR of the human iNOS mRNA, we performed RNA-affinity purifications of iNOS 3′-UTR RNA-bps ([Figure 1](#fig1){ref-type="fig"}). This method resulted in the identification of KSRP, PABP and hnRNP E1 as RNA-bps interacting with the human iNOS mRNA.

Besides regulating the translation of different mRNAs ([@b54]), hnRNP E1 has also been shown to regulate mRNA stability of the human renin ([@b55]) and collagen types I and III mRNAs ([@b56]). PABP is known to bind to the poly-A-tail of mRNAs and seems to be important for different levels of post-transcriptional control ([@b57]). However recent data suggest that PABP also binds specifically to ARE-containing mRNAs ([@b46],[@b58],[@b59]).

KSRP has been described as a protein essential for exosome-mediated degradation of ARE-containing mRNAs ([@b17],[@b21]). As recent data from our laboratory ([@b30]) indicated that KSRP is involved in the post-transcriptional regulation of human iNOS expression, we analyzed the role of KSRP in human iNOS expression in more detail.

Using an *in vitro* degradation assay ([Figure 2](#fig2){ref-type="fig"}), we were able to show that immunodepletion of KSRP of extracts from DLD-1 cells resulted in enhancement of the stability of a 5′-capped and 3′-polyadenylated iNOS 3′-UTR RNA. Deletion of the AREs (non-AU) resulted in an enhancement of the stability of this RNA in these *in vitro* decay assays. Most important is that, without the AREs the depletion of KSRP has no effect on the stability of the 3′-UTR RNA. In the limitations of such *in vitro* decay assays this confirms an important role of KSRP in the regulation of iNOS expression at the level of mRNA stability.

To analyze the influence of KSRP on iNOS expression in intact cells, we generated stably transfected DLD-1 cell lines with enhanced or reduced KSRP expression. Results obtained with these cell lines as well as results generated using a RNA interference approach in DLD-1 and A549/8 cells confirmed the negative regulatory effect of KSRP on iNOS expression (see [Figure 3](#fig3){ref-type="fig"}). Additionally, we observed downregulation of TNF-α mRNA expression in DLD-1 cells overexpressing KSRP (data not shown). Actinomycin D experiments revealed a reduced decay of iNOS mRNA in cells with diminished KSRP expression, confirming that its effect occurs at the level of mRNA stability ([Figure 4](#fig4){ref-type="fig"}). In addition, cotransfection experiments showed no influence of KSRP on the cytokine-induced activity of the human iNOS promoter (see Supplementary Figures). Therefore, in accordance with its proposed destabilizing activity ([@b17],[@b21]), KSRP is an important factor for the degradation of ARE-containing mRNAs in DLD-1 cells.

The results reported above indicate a direct negative effect of KSRP on human iNOS expression. Since induction of iNOS expression in DLD-1 cells depends on a complex CM we analyzed the effects of CM-incubation on endogenous KSRP expression. As shown in [Figure 5](#fig5){ref-type="fig"} CM-incubation of DLD-1 cells did not change endogenous KSRP protein expression. Additionally, no clear evidence for modified KSRP localization was found (data not shown). Also analyses of KSRP phosphorylation revealed no changes in tyrosine or serine phosphorylation after cytokine treatment (data not shown). Therefore, the enhancement in iNOS mRNA expression measured after CM-incubation does not seem to correlate with changed KSRP expression, post-translational modifications or localization. In summary, these data imply that an interplay of different proteins in a complex network could be necessary to explain changes in iNOS mRNA expression after cytokine stimulation.

For example, KSRP has been described to recruit the exosome to ARE-containing mRNAs and thereby enabling exosome-mediated degradation of these RNAs ([@b17],[@b21]). The exosome is a complex of 10 different proteins important for 3′-- \> 5′ degradation of ARE-containing mRNAs in mammalian cells ([@b50]--[@b52]). Therefore, we analyzed the interaction of KSRP with the exosome in DLD-1 cells by co-immunoprecipitation experiments. To exclude that binding of different RNA-bps to the same RNA resulted in a RNA-dependent co-immunoprecepitation we always pretreated the extracts with RNases. These analyses showed that KSRP displayed a protein--protein interaction with the exosome in DLD-1 cells (data not shown) as shown before for other human cell lines. However, this interaction was not modified by cytokine incubation of DLD-1 cells (data not shown). Therefore, KSRP seems to destabilize iNOS mRNA in interplay with the exosome independent of cytokine stimulation. This implies that for stabilization of iNOS mRNA after cytokine treatment, other factors must be involved that prevent KSRP-mediated decay.

In addition to KSRP, TTP has been shown to interact with the exosome and to recruit this nuclease complex to ARE-containing mRNAs ([@b17]). As shown in [Figure 6](#fig6){ref-type="fig"}, KSRP also interacts with TTP in DLD-1 cells. This interaction was enhanced by cytokine incubation, most likely due to increased TTP expression under these conditions. Interestingly, we have found that overexpression of TTP increases cytokine-induced iNOS expression in DLD-1 cells without any TTP binding to the human iNOS mRNA ([@b30]).

To verify that KSRP binding to the human iNOS mRNA is necessary for its regulatory action, we analyzed the effect of a non-binding KSRP mutant lacking the most carboxyterminal RNA binding domain KH4, ([@b21]), ([Figure 7A](#fig7){ref-type="fig"}). Loss of binding activity was tested in UV-crosslinking experiments using the iNOS 3′-UTR (data not shown). As shown in [Figure 7B and C](#fig7){ref-type="fig"} overexpression of this KSRP isoform (KSRPdel) in DLD-1 cells resulted in an enhancement of cytokine-induced iNOS mRNA expression and iNOS-dependent NO-production. Therefore, KSRP binding to the 3′-UTR of the human iNOS mRNA is essential for the negative regulation of iNOS mRNA stability by this RNA-bp.

Mapping of the exact binding sequence revealed the most 3′-located AU-rich element as binding site for KSRP ([Figure 8](#fig8){ref-type="fig"}). In former experiments we have shown that the ELAV protein HuR binds to the same ARE in the human iNOS mRNA ([@b28]). In *in vitro* binding assays (see [Figure 9](#fig9){ref-type="fig"}) using fixed amounts of KSRP and increasing amounts of HuR (or vice versa) a mutually exclusive binding of KSRP or HuR to the human iNOS 3′-UTR sequence was observed.

Analysis of the affinity of KSRP binding to the iNOS mRNA in *in vitro* assays using externally added iNOS 3′-UTR RNA (RNA-affinity chromatography or immunoprecipitation/UV-crosslinking) revealed no differences between untreated and cytokine-stimulated cells (data not shown). Therefore, enhanced iNOS mRNA expression after cytokine induction cannot be explained by changes in the affinity of KSRP binding to the human iNOS mRNA.

In contrast to this *in vitro* approaches, analysis of the relative intracellular binding of KSRP and HuR to the endogenous iNOS mRNA (see [Figure 10](#fig10){ref-type="fig"}) revealed a clear cytokine-induced change of the ratio of HuR and KSRP-bound to the iNOS mRNA. Whereas in intact DLD-1 cells KSRP binding was reduced, the binding of HuR was enhanced by cytokine incubation. Therefore, the enhanced expression of iNOS mRNA after cytokine stimulation can be explained by the shift from degradation mediated by KSRP to enhanced stabilization mediated by HuR resulting from these changes in RNA binding.

In summary, our data suggest the following mechanism of iNOS mRNA stabilization after cytokine stimulation: In untreated DLD-1 cells KSRP binds to the human iNOS mRNA 3′-UTR and recruits the exosome to the mRNA, thus enabling mRNA degradation. After cytokine treatment TTP expression and TTP/KSRP interaction are enhanced. In consequence, since TTP does not bind to the iNOS mRNA this is supposed to result in a dislodgement of the KSRP/exosome complex from the iNOS mRNA. As HuR and KSRP compete for the same binding site in the iNOS 3′-UTR sequence, this dislodgement of KSRP enhances HuR binding to the iNOS mRNA. This interaction results in an increase in iNOS mRNA stability and thus enhanced iNOS expression.

Finally complex interactions in a RNA-bp network seem to be required for regulation of human iNOS expression. In this network, KSRP appears to be a key regulator. It connects actions of other RNA-bps like TTP and HuR essential for iNOS mRNA stabilization. Subtle changes within this system may be responsible for the marked induction of iNOS expression after cytokine stimulation.
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![Purification of RNA-bps interacting with the 3′-UTR of the human iNOS mRNA. To purify proteins binding to the 3′-UTR of the human iNOS mRNA affinity chromatographies using biotinylated iNOS 3′-UTR RNA were performed ([@b45],[@b46]) as described in Materials and Methods. DLD-1 cells were preincubated for 18 h in medium without FCS and phenol red. Then cells were incubated with the cytokine mixture for 6 h and protein extracts were isolated. These extracts were incubated with biotinylated iNOS 3′-UTR RNA (3′-UTR) or biotinylated iNOS 3′-UTR RNA without the ARE-sequences (3′-UTR Δ--ARE) and streptavidine-agarose beads. After several washing and centrifugation steps the RNA-bps were eluted by 2 M KCl. (**A**) Proofing the applicability of this method western blots using a specific anti-HuR antibody were performed, since HuR is known to interact with the human iNOS 3′-UTR ([@b28]). As a positive control bacterial expressed GST-HuR fusion protein was also loaded on the SDS gel. One representative blot of three different experiments were shown. (**B**) The eluates were tested for the presence of KSRP by western blots using a specific anti-KSRP antibody. As a positive control bacterial expressed His-KSRP fusion protein was also loaded on the SDS gel. One representative blot of three different experiments were shown.](gki797f1){#fig1}

![Depletion of KSRP enhances iNOS 3′-UTR RNA stability in *in vitro* degradation assays. DLD-1 cells were preincubated for 18 h in medium without FCS and phenol red. Then the cells were incubated with the CM for 6 h and cytoplasmic proteins were isolated. Parts of these extracts were immunodepleted of KSRP by using a polyclonal anti-KSRP antibody (KSRP-depl). The extracts were incubated with radiolabeled 5′-capped and 3′-polyadenylated iNOS 3′-UTR RNA with (iNOS 3′-UTR) or without (non-AU) the AREs for different time periods from 0 to 30 min. Then the degradation of the RNA in the different samples was stopped by adding SDS. To normalize the subsequent purification steps *in vitro* transcribed radiolabeled β-actin RNA fragments were added. After phenol extraction and ethanol precipitation the material was separated on denaturing urea polyacrylamide gels. (**A**) Scheme of the human 5′-capped and 3′-polyadenylated iNOS 3′-UTR RNAs used for *in vitro* decay experiments. The positions of AU-repeats are indicated by arrowheads. (**B**) The degree of KSRP depletion of two different immunodepletion reactions (IP α-KSRP) were analyzed by western blotting using specific anti-KSRP- and anti-β-tubulin antibodies. For comparison the corresponding untreated samples were analyzed. The position of KSRP and β-tubulin is indicated. (**C**) Summary of densitometric analyses of eight different *in vitro* decay assays using 5′-capped and 3′-polyadenylated iNOS 3′-UTR RNAs containing the AREs (iNOS 3′-UTR). Data points (means ± SEM) represent relative iNOS 3′-UTR RNA levels (100% = 0 min incubation; circles: undepleted extracts from CM-treated cells; squares: KSRP-depleted extracts from CM-treated cells; ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001; ns = not significant versus undepleted extract). (**D**) Summary of densitometric analyses of five different *in vitro* decay assays using 5′-capped and 3′-polyadenylated iNOS 3′-UTR RNAs without the AREs (non-AU). Data points (means ± SEM) represent relative non-AU iNOS 3′-UTR RNA levels (100% = 0 min incubation; diamonds: undepleted extracts from CM-treated cells; squares: KSRP-depleted extracts from CM-treated cells; ns = not significant versus undepleted extract).](gki797f2){#fig2}

![Modulation of KSRP expression alters cytokine-induced iNOS mRNA expression and iNOS-dependent NO-production. Plasmid constructs allowing high level expression of sense (pcDNA-His-KSRP) or antisense (pcDNA-KSRPas) KSRP cDNA were stably transfected into DLD-1 cells. Cells transfected with the pcDNA3 vector backbone (pcDNA3) were used as controls. For analysis of iNOS expression pools of stable transfected cell were preincubated for 18 h in medium without FCS and phenol red. Then cells were incubated with (CM) or without (Co) the cytokine mixture for 6 h, RNA was isolated and iNOS and GAPDH mRNA expression was analyzed. To determine iNOS-mediated NO-production cells were incubated for 24 h with or without CM and the supernatant of the cells was analyzed for nitrite content. As another approach to downregulate KSRP expression the RNA interference technique was used. DLD-1 cells were transfected with siRNA directed against luciferase (control, siLUC) or KSRP (siKSRP). After 24 h the transfected cells were preincubated for 18 h in medium without FCS and phenol red. Then the cells were incubated with or without CM for 6 h, RNA was isolated and iNOS, KSRP and GAPDH mRNA expression was analyzed by real-time RT--PCR. (**A**) Western blots using specific anti-KSRP- and anti-β-tubulin antibodies and extracts from the stable transfected DLD-1 cell pools. The blots are representative of four other blots showing similar results. The positions of KSRP and β-tubulin are indicated. (**B**) A summary of 10 qRT--PCR analyses is shown using RNAs form DLD-1-pcDNA3 (pcDNA3), DLD-1-pcDNA-His-KSRP (pcDNA-His-KSRP) or DLD-1-pcDNA3-KSRPas (pcDNA-KSRPas) cells. Data (means ± SEM) represent relative iNOS mRNA levels (^\*\*\*^*P* \< 0.001 versus CM-treated pcDNA3 cells). (**C**) A summary of 12 nitrite analyses is shown using supernatants from DLD-1-pcDNA3 (pcDNA3), DLD-1-pcDNA-His-KSRP (pcDNA-His-KSRP) or DLD-1-pcDNA3-KSRPas (pcDNA-KSRPas) cells. Data (means ± SEM) represent relative nitrite levels (^\*\*\*^*P* \< 0.001 versus CM-treated pcDNA3 cells). (**D**) A summary of six qRT--PCR analyses is shown using RNAs from DLD-1 cells transfected with luciferase siRNAs (siLUC) or KSRP siRNAs (siKSRP) and incubated with or without cytokine mixture (CM). Data (means ± SEM) represent relative KSRP mRNA levels (^\*\*^*P* \< 0,01 versus CM- and siLUC-treated cells). (**E**) A summary of six qRT--PCR analyses is shown using the same RNAs as in (D) but analyzing iNOS mRNA expression. Data (means ± SEM) represent relative iNOS mRNA levels (^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001 versus CM- and siLUC-treated cells).](gki797f3){#fig3}

![Effect of downregulation of KSRP expression on human iNOS mRNA stability. DLD-1-pcDNA3 (filled circles) and pcDNA-KSRPas (filled squares) cells were preincubated for 18 h in medium without FCS and phenol red. Subsequently cells were incubated with a cytokine mixture for 6 h. Then 10 µg/ml actinomycin D was added and RNAs were prepared after 0 to 18 h. iNOS mRNA and GAPDH mRNA concentrations were determined by qRT--PCR and iNOS mRNA was normalized to GAPDH mRNA. A summary of four qRT--PCR analyses is shown. Data (means ± SEM) represent relative iNOS mRNA levels in DLD-1-pcDNA3- (filled circles) and DLD-1-pcDNA-KSRPas- (filled squares) cells (^\*^*P* \< 0.05; ^\*\*^*P* \< 0,01; ^\*\*\*^*P* \< 0.001; ns = not significant versus 0 h actinomycin D). Curve fitting was performed using Graphpad Prism for Macintosh.](gki797f4){#fig4}

![Cytokine incubation does not change KSRP expression in human DLD-1 cells. DLD-1 cells were preincubated for 18 h in medium without FCS and phenol red. Then the cells were incubated with or without a CM. Cytoplasmic protein extracts were prepared after the time periods indicated. Western blots were performed using specific anti-KSRP- and anti-β-tubulin antibodies and cytoplasmic extracts from DLD-1 cells. This blot is representative of three other blots showing similar results.](gki797f5){#fig5}

![KSRP interacts with TTP in human DLD-1 cells. DLD-1 cells were preincubated for 18 h in medium without FCS and phenol red. Then the cells were incubated with (CM) or without (Co) a cytokine mixture for 6 h. Extracts were prepared as described in Material and Methods. (**A**) Cell lysates were subjected to immunoprecipitation using monoclonal anti-KSRP antibodies (IP: α-KSRP) or a rabbit pre-immune serum (IP: Pre-IS). Coprecipitation of TTP was analyzed by western blots using polyclonal anti-TTP antibodies (WB: α-TTP). The positions of immunoglobulin heavy chains (hc) and TTP are indicated. One representative out of four co-immunoprecipitation analyses is shown. (**B**) To normalize for precipitated KSRP protein the amount of KSRP protein was analyzed performing western blots using monoclonal anti-KSRP antibodies (WB: α-KSRP). Also the KSRP expression in a control extract used for immunoprecipitation (Input, 10%) was analyzed. The positions of KSRP and immunoglobulin heavy chains (hc) are indicated. One representative blot out of four is shown.](gki797f6){#fig6}

![Overexpression of a KSRP mutant which is not able to bind to RNA enhances iNOS expression. Plasmids allowing high level expression of a mutant KSRP protein not able to bind to RNA (KSRPdel) were stably transfected into DLD-1 cells. Cells transfected with the pcDNA3 vector backbone (pcDNA3) were used as controls. For analysis of iNOS expression pools of stable transfected cell were preincubated for 18 h in medium without FCS and phenol red. Then cells were incubated with (CM) or without (Co) the cytokine mixture for 6 h, RNA was isolated and iNOS and GAPDH mRNA expression was analyzed by real-time RT--PCR. To determine iNOS-mediated NO-production cells were incubated for 24 h with or without CM and the supernatant of the cells was analyzed for nitrite content. (**A**) Pooled populations of pcDNA3- or pcDNA-KSRPdel cells were analyzed for KSRP expression by western blots using specific anti-KSRP antibodies. One representative blot out of three is shown. (**B**) A summary of 5 qRT--PCR analyses is shown using RNAs from DLD-1-pcDNA3 (pcDNA3) or DLD-1-pcDNA3-KSRPdel (KSRPdel) cells. Data (means ± SEM) represent relative iNOS mRNA levels (^\*^*P* \< 0.05; ^\*\*\*^*P* \< 0.001 versus CM-treated pcDNA3 cells). (**C**) A summary of 5 nitrite analyses is shown using supernatants from DLD-1-pcDNA3 (pcDNA3) or DLD-1-pcDNA-KSRPdel (KSRPdel) cells. Columns (means ± SEM) represent relative nitrite levels (^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.01 versus CM-treated pcDNA3 cells).](gki797f7){#fig7}

![Analysis of the KSRP binding site in the human iNOS 3′-UTR RNA. Purified BSA, glutathione-S-transferase (GST), and GST-KSRP or GST-HuR fusion proteins were incubated with different radiolabeled RNAs generated by *in vitro* transcription using the different iNOS 3′-UTR fragments shown in Figure A. After binding, proteins were UV crosslinked to the RNA and the complexes were digested with RNase. RNA--protein complexes were separated on SDS--polyacrylamide gels. (**A**) Structure of the human iNOS 3′-UTR mRNA and fragments used in RNA binding studies. Scheme of the human iNOS 3′-UTR mRNA (477 nt) and transcripts used in RNA binding studies. The initial UGA nucleotide sequence (−3 to −1) corresponds to the translation termination codon. AUUUA and AUUUUA repeats are indicated by arrowheads. The sequences of different mutations in fragment C are shown. (**B**) KSRP binds to the AU-fragment of the human iNOS 3′-UTR. ^32^P-radiolabeled RNA transcripts \[3′-UTR; non-AU; AU; see (A)\] were incubated with BSA, GST, GST-KSRP fusion protein (KSRP) or GST-HuR fusion protein (HuR). The positions of RNA--protein complexes are indicated. (**C**) KSRP binds to the most 3′-located ARE in the human iNOS 3′-UTR. ^32^P-radiolabeled 3′-UTR, subfragment A (232--319, frag A), subfragment B (317--420; frag B) or subfragment C (387--477; frag C) were incubated with GST-KSRP (GST-KSRP) protein. The positions of RNA--protein complexes are indicated (left side). ^32^P-radiolabeled RNA transcripts (5′-ARE mutated: mut 1; 3′-ARE mutated: mut 2; both AREs mutated: mut 1 + 2) were incubated with either GST or GST-KSRP fusion protein (KSRP). The positions of RNA--protein complexes are indicated (right side).](gki797f8){#fig8}

![Binding of KSRP and HuR to the 3′-UTR of the human iNOS mRNA is mutually exclusive. ^32^P-radiolabeled *in vitro* transcribed RNAs containing the sequence of subfragment C (387--477) were incubated in parallel with fixed amounts (0.6 µg) of GST-HuR or GST-KSRP and increasing amounts of GST-KSRP or GST-HuR (0 to 1.2 µg), respectively. After binding, proteins were UV crosslinked to the RNA and the complexes were digested with RNase. RNA--protein complexes were separated on SDS--polyacrylamide gels. The positions of RNA--protein complexes are indicated. (A) Radiolabeled fragment C-RNAs were incubated with 0.6 µg GST-HuR (0.6 µg) and 0 to 1.2 µg GST-KSRP. (B) Radiolabeled fragment C-RNAs were incubated with 0.6 µg GST-KSRP (0.6 µg) and 0--1.2 µg GST-HuR.](gki797f9){#fig9}

![Cytokine incubation reduces intracellular binding of KSRP and enhances intracellular binding of HuR to the iNOS mRNA. DLD-1 cells were incubated for 4 h with or without CM. Cells were lyzed and RNA bound by KSRP or HuR protein was immunoprecipitated by specific antibodies. Immunoprecipitation with IgG was used as negative control. To normalize for the subsequent RNA purification steps 1 ng/sample of luciferase RNA transcribed *in vitro* was added before the RNA was isolated from immunoprecipitated proteins. The amount of iNOS mRNA bound by KSRP or HuR was determined by qRT--PCR using the luciferase RNA as normalization control. The values of the IgG controls were subtracted and the values for the iNOS mRNA bound by HuR were divided by the values for the iNOS mRNA bound by KSRP. A summary of 12 immunoprecipitation-qRT--PCR analyses is shown. Columns (means ± SEM) represent relative iNOS mRNA levels bound by HuR divided by the relative iNOS mRNA levels bound by KSRP (^\*\*^*P* \< 0.01 versus untreated DLD-1 cells).](gki797f10){#fig10}
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